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Summary：In Madagascar, the dominant vegetation of Alluaudia procera abounds in Aridisol soil more 
than in Entisol soil.  Soil, including 20 spots of Aridisol and 24 spots of Entisol with or without the 
dominant vegetation of A. procera was collected, and a determinant for the establishment of dominant 
vegetation was assessed from soil chemical properties.  Available P2O5 contents were quite low at all 
sampling sites, while the CEC value, exchangeable CaO and MgO contents were higher in Entisol without 
A. procera than those in Aridisol and Entisol with it.  There were more sites with a soil pH value ＞8.0 in 
Entisol than in Aridisol.  In particular, Entisol without A. procera showed a high pH value and high 
exchangeable CaO content. In the plants collected from all sampling sites, P content was quite low.  K, Fe 
and Mn contents were much higher in plants collected in Aridisol than in Entisol.  Ca content increased 
and Fe and Mn contents decreased as the soil pH value increased, while Fe and Mn contents decreased 
as the exchangeable CaO content increased.  In a solution culture of A. procera, growth, assessed by dry 
mass, and the P, Ca, Mn and Fe contents in plants markedly decreased at pH 8 and 9.  At 2.5 and 5.0 mM 
Ca, the growth of plants and the contents of P, Mg, Fe and Mn in them displayed the highest values 
while lowest values were obtained with 10 mM Ca in the solution.  Hence, the distribution of A. procera 
in Madagascar was affected by soil pH and Ca content.  When cultivating A. procera, it is important to 
avoid calcareous soil, to apply phosphatic fertilizer in high pH soil and to select incubated soil with a high 
capacity of supplying P, Fe, Mg and Mn.
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Introduction
　Madagascar lies mostly between 12°S and 26°S (lat.), 
and 43°E and 51°E (long.).  Alluaudia procera, a plants 
species endemic to Madagascar, is distributed over the 
southern area of Madagascar (Fig. 1 and 2), and is used 
for making houses, furniture, craft goods, fences, etc. 
When logging operations are appropriately managed, it 
is easy to maintain the drought-resistance and regrowth 
ability of A. procera forest land.  Recently, a rapid increase 
in population caused by the increased mining of rare 
metals has caused people to move into the thinly-populated 
south area.  The production of timber and charcoal has 
increased logging activities for commercial purposes, and 
there has been a drastic decrease in the population of A. 
procera and the forest area in which it grows1, 2）.  A. procera 
is widely distributed in the southern part of Madagascar, 
but its distribution was markedly limited to calcareous 
soil, with no dominant community being found3, 4）.  In arid 
regions, it is not easy to recover vegetation that has 
been removed, and the forest area rapidly became 
grassland at a rate of about 0.95% per year from 1990 to 
20002）.  In Madagascar, it is estimated that more than 
90% of the forest has already become extinct and is 
expected to disappear in coming years5）.  Although it is 
necessary to take prompt countermeasures, the ecology 
and growth characteristics of A. procera, as basic infor- 
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especially in arid regions, is affected by soil chemical 
property, soil physical property, soil water conditions and 
climate conditions.  This study focussed on the soils 
including 20 spots of Aridisol and 24 spots of Entisol with 
or without the dominant vegetation of A. procera.  These 
soils were collected, and a determinant for the establish- 
ment of the dominant vegetation is discussed from the 
perspective of soil chemical properties.
Materials and Methods
　Soil analysis
　The soils, including 20 spots of Aridisol and 24 spots of 
Entisol (Fig. 1), were collected at a 0-30 cm depth using a 
soil auger, and were air-dried and passed through a 2 
mm mesh sieve.  The pH was determined with a glass 
electrode after reciprocal shaking for 1 h at a soil to 
solution (deionized water) ratio of 1 : 5.  The electrical 
conductivity (EC) of the soil supernatant solution was 
measured after reciprocal shaking for 1 h at a soil to 
solution ratio of 1 : 5.  Inorganic N of soils was extracted 
with a 2 mol L－1 KCl solution at a soil to solution ratio of 
1 : 5.  The concentrations of NH4
+ and NO3
－ were deter- 
mined using the indophenol method and the Cataldo 
method, respectively.  Exchangeable cations were 
extracted with 1 mol L－1 ammonium acetate at pH 7.0 at 
a soil to solution ratio of 1 : 5.  The concentrations of Na+, 
Ca2+, Mg2+ and K+ were measured using ICP-AES (ICPS-
8100, Shimadzu Co. Ltd., Kyoto, Japan).  Available Fe, 
Mn, Zn and Cu were extracted with DTPA (dimethyl 
triamine penta acetic acid) solution at pH 7.3, and 
determined using ICP-AES.  Available P was obtained 
using the Bray-1 method followed by a colorimetric 
examination with molybdate and determined colorimetrically 
(UV-120-01, Shimadzu Co. Ltd., Kyoto, Japan).
　Analysis of plants
　Branches and leaves of A. procera were harvested at 
44 soil sampling spots and heated in an air-forced oven at 
80℃ until they became dry, and then weighed.  Plant 
samples were ground to a fine powder using a stainless 
steel grinder.  The powder was digested with nitric acid 
and the concentrations of K, Na, Ca, Mg, S, B, Fe, Mn, Zn 
and Cu were determined by ICP-AES.  Total N content 
was determined by the dry combustion method (Sumigraph 
NC analyzer NC-800, Sumika Chem. Anal. Service, Osaka, 
Japan).  The P content was determined colorimetrically 
by the vanadomolybdophosphoric acid method.
Growth response and nutrient absorption property 
at various pHs and Ca concentrations of the solution
　The growth response and nutrient absorption property 
of A. procera in solution culture at various pHs and Ca 
concentrations were investigated.  Adventitious roots 
were induced from about 8 g of rooted cutting derived 
from A. procera collected in Madagascar.  Those rooted 
cuttings were subjected to water culture in a standard 
solution (0.17 mM (NH4)2SO4, 1.30 mM KNO3, 0.18 mM 
NaH2PO4, 0.55 mM MgSO4・7H2O, 0.46 μM Fe-EDTA, 3.6 
μM MnSO4, 9.2 μM H3BO3, 0.6 μM ZnSO4, 0.032 μM CuSO4, 
0.032 μM (NH4)6Mo7O2) for 1 month, and CaCl2 was 
applied to the solution to adjust its concentration to 
2.5 mM CaCl2 at various pHs (4, 5, 6, 7, 8, 9), and to 0.05, 
0.5, 2.5, 5.0 and 10.0 mM CaCl2 at pH 6 for 12 months. 
Twelve months after pH and CaCl2 treatment, the plants 
were harvested. After measuring the fresh weight, 
plants were heated and the mineral concentrations were 
determined according to the method above.
Fig. 1　Locations of sampling sites of soil and Alluaudia 
procera in Madagascar.
● shows sampling sites in Aridisol and ○ is 
those in Entisol.
Fig. 2　Appearance of Alluaudia procera Drake, 
an endemic plant species in Madagascar.
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Results
　Chemical property of soil
　The soil chemical properties of Aridisol and Entisol are
　shown in Table 1.  Available P2O5 contents were quite 
low at all sampling sites, while CEC value, exchangeable 
CaO and MgO contents were lower in Aridisol than 
those in Entisol.  There were more sites with a soil pH 
value ＞8.0 in Entisol than in Aridisol.  Especially, Entisol 
without the dominant vegetation had a high pH value 
Table 1　Soil chemical properties of Aridisol and Entisol
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and a high exchangeable CaO content.
Inorganic constituents in plant shoots collected at 
each sampling site
　The contents of inorganic constituents in plants are 
shown in Table 2.  Despite the cultured soils, P content 
was similarly low.  K, Fe and Mn contents were higher 
in plants collected in Aridisol than in Entisol.  In spite of 
the low concentrations of P, Fe and Zn showing defici- 
ency symptoms in normal plants, A. procera can survive. 
In both Aridisol and Entisol, as the soil pH value increased, 
Ca content increased and Fe and Mn contents decreased 
in plants (Fig. 3), and as the exchangeable CaO content 
in the soil increased, Fe and Mn contents decreased (Fig. 
4).
Growth response and nutrient absorption property 
at various pHs and Ca concentrations of the solution
　Dry weights and nutrient absorption property at 
various pHs and Ca concentrations of the solution are 
shown in Table 3.  Plant growth as dry mass was highest 
at pH 5 to 7 of the solution.  The growth and contents of 
P, Ca, Mn and Fe in the plants decreased markedly at 
pH 8 and 9, indicated by a purple-green color at leaf 
edges.  The amount of growth and contents of P, Mg, Fe 
and Mn in plants were highest at 2.5 and 5.0 mM Ca of 
the solution, but the lowest values were at 10 mM Ca. 
As the concentration of Ca in the solution increased, Ca 
content in the plant increased linearly.
Discussion
　Plant vegetation in arid areas is mainly affected by soil 
chemical property, physical property or water potential. 
In the western part of Madagascar, limestone regions 
raised in the Jurassic, Cretaceous and Tertiary periods 
lie in a belt shape from the inland to the shore6）.  Plants 
growing on the limestone regions are affected by the 
various soil conditions in which significant geographic 
variation occurs.  Plants can adapt to environmental 
changes to some extent, and the range of acclimation is 
thought to be a key to determine their distribution7, 8）, 
which is limited by genetic information and functional 
tradeoff 9）.  As shown in Fig. 5, the investigated sites in 
this study had a similar climate condition (ambient tem- 
perature and precipitation).  Consequently, the distribu- 
tion of plants would be due more to the soil chemical 
property rather than the soil physical property.
　The absorption capacity of Ca, Mn and Fe in A. 
procera was lower than that in A. comosa grown on 
Entisol in the limestone plateau10）, and the difference in 
absorption is thought to be one of the factors of habitat 
segregation.
　The dominant vegetation of A. procera abounds in 
Aridisol more than in Entisol, and the large-scale 
dominant vegetation was not found in the Entisol area. 
This is because Entisol without A. procera showed a high 
soil pH value ranging from 8.5 to 9.0 and a high exchange- 
able CaO content.  Lime-induced growth depression in 
Lupinus species was reported to be related to soil pH11）, 
Table 2　Inorganic constituents in plant shoots collected at each sampling site of Aridisol and Entisol A.
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and under high pH, damage to plant growth occurred in 
response to increasingly unavailable Mn, Fe and Zn in 
the soil12-14）.  In A. procera, it is recognized that an in- 
crease in Ca and a decrease in Mn and Fe contents is 
caused by an increase in pH (Fig. 3), and that an increase 
in Ca and a decrease in Fe and Mn contents is caused by 
an increase in exchangeable CaO (Fig. 4).  The main 
reason for the decrease in Mn and Fe of the plant was 
the increase in soil pH and exchangeable CaO, which 
indicates that the distribution of A. procera in Madagascar 
is controlled by soil pH and exchangeable CaO content. 
It was also noted in the solution culture that the P, Mn 
and Fe contents decreased as pH increased while P, Mg 
Fe and Mn contents decreased as Ca content increased.
　From our results, it is clear that the distribution of A. 
procera in Madagascar is affected by soil pH and Ca 
content.  When cultivating A. procera, it is important to 
avoid calcareous soil, to apply phosphatic fertilizer in 
high pH soil and to select incubated soil with a high 
ability to supply P, Fe, Mg and Mn.
Fig. 3　Relationships between soil pH (H2O) value and the contents of Ca, Mn and Fe in plant shoots.
(A) and (B) show the relationships in sampling sites in Aridisol and Entisol, respectively.
＊＊ : Significant at P＜0.01.
122 Yoshioka, Ohshima and Maeda
Fig. 4　Relationships between soil exchangeable CaO value and the contents of Ca, Mn and Fe 
in plant shoots.
(A) and (B) show the relationships in sampling sites in Aridisol and Entisol, respectively.
＊＊ : Significant at P＜0.01.
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要約：マダガスカル固有種 Alluaudia procera の優占植生は Entisol よりも Aridisol 土壌に分布する。A. 
procera の生育する 20 地点の Aridisol 土壌および 24 地点の Entisol 土壌を採取し，土壌化学性から優占植
生ができる要因を検討した。すべてのサンプリング地点で土壌の可給態リン酸含有率は低く，また，A.
procera の優占植生がある Entisol や Aridisol と比べて，優占植生のない Entisol で交換態 CaO や交換態
MgO 含有量は高かった。Aridisol に比べて Entisol 土壌で pH 値が 8.0 を越えた地点が多かった。特に，A. 
procera の生育しない Entisol 土壌は高い pH 値と CaO 含有量を示した。サンプリング地点に関わらず，生
育する A. procera の P 含有率は著しく低く，また，Entisol に比べて Aridisol 土壌で採取した植物の K, Fe
および Mn 含有率は高かった。土壌の pH 値が高いほど，植物の Ca 含有量は高く，Fe 及び Mn 含有量は低
下し，土壌の交換態 CaO 含有量が高いほど，植物の Fe 及び Mn 含有量は低下した。A. procera の挿し木
苗を用いた水耕栽培の結果，水耕液 pH8.0 と pH9.0 条件で，植物の P, Ca, Mn 及び Fe 含有量が著しく低下
した。水耕液 Ca 濃度を 2.5 および 5.0 mM に設定した場合，植物の生育，P, Mg, Fe および Mn 含有量は最
も高く，逆に 10 mM に設定した場合は最も低い値を示した。これらの結果から，マダガスカルにおける A. 
procera の分布は土壌 pH と Ca 含有量に影響を受け，A. procera を栽培する場合，石灰質土壌を避け，pH
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